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I. I NTRODUCTION 
The a p plication of high vacuum for t h e promotion 
of metallurgical reactions is a comparatively new de-
velopment~. During the war the need for high vacuum in 
producing magnesium by the Pidgeon Process and in cer-
t a in phases of uranium: purification led to the perfec-
tion of both e quipment and technique for high vacuum 
operations. These developments helped open the way for 
the entirely new field of vacuum meta llurgy. 
The reduction of metal oxides in vacuum has been 
studied by Dr. Kroll and Dr. Schlechten.(l) They have 
1 
(1) Kroll, W.J. and Schlechten,A.W., Reactions of Carbon 
and Metal Oxides in a Vacuum. Journ. Electrochem. 
Soc., Vol.93, No.6, June 1948, pp.247-258 
been able to reduce many metals from their oxides under 
reduced pressures using carbon _ as a reducing agent ~- Dr. 
Hsiao( 2 )has studied the volatility a n d reduction o f many 
(2) Hsiao,c. :rvr ., The Volatility of 1-Ieta l l ic Sulfides and 
Their Treatment by Vacuum Hetallurgy . Ph .D. Thesis 
of the University of Jvii ssouri, 1950 
metal sulfides. After an extensive study of v arious· pure 
metal sulfides available, Hsiao pointed out that ~ sulfides 
of elements in the R families of the periodic system 
2 
s h o\'l a tendency of decreasing volatility with increa s-
ing atomic weight,while sulfides of elements in A f ami-
lies have an opposite tendency. However,sulfides of t h e 
rarer metals such as titanium,zirconium,etc. which are 
not available on the market were not studied i n t h e 
laboratory and further work is needed to confirm t h e 
prediction. The present investigation was undertaken to 
study the volatility and reduction of titanium disulfide 
to supplement Hsiao's studies. 
Titanium forms a series of sulfides. Th e disu lfide 
was taken because in this sulfide titanium shows its 
group characteristic valence of +4 and is therefore a 
typical sulfide of the group. Since this sulfide is not;~ 
available on the market, the :first step of t h e \'lork was 
to prepare it in the laboratory. Next its volatility 
was'. studied by the Langmuir's method, and finally an 
attempt was made to desul:furize it with certain met a ls_ 
that :form stable sulfides. 
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II. LITERATURE REVIEVf 
(A) Literature Concerning Titani~ Sulfides 
A number of sulfides of titanium in addition to the 
characteristic di-,sesqui-,and mono- compounds have been 
described in the scientific literature. 
Titanium disulfide has been prepared from rutile by 
Berthier,Rose and ivhitehouse(3)but the product was crude 
and impure. Another method is the reaction of titanium 
tetrafluoride with hydrogen sulfide as . described by nuff 
and Ipsen. ( 4 ) This method is not recommended because the 
hydrogen fluoride formed as a by-product \'/ill corrode 
glass and therefore special apparatus must be used. The 
preparation of titanium dis~lfide by the reaction_of 
titanium tetrachloride and hydrogen sulfide was first 
carried out by Ebelmen(5) and is the most satisfactory 
method of preparation. The u. s. Bureau of Ydnes( 6 ) has 
( 3) ( 4) and ( 5) Mellor, J. \'f., A Comprehensive Treatise 
on Inorganic and Theoretical Chemistry. Longman and 
Green Co., New York, (1922-37),Vol.VII,pp.90-91 
(6) Metallurgical Branch Report,Rolla Division, U. s. 
Bureau of Mines, November 1947, pp.69-71 
also adopted this process and it works successrully at 
about 630°C. 
The sesqui sulfide \'las first prepared by Pford ten (7 ) 
by heating titanium disulfide in nitrogen or hydrogen, 
or it may be prepared by Thorp's meth od (B ) of passing 
a mixture of moist hydrog en sulfide and carbon disulfide 
over titanic oxide heated to bright redness. 
The monosulfide was prepared by Thorp( 9 )by heating 
the di- or sesqui- sulfides in a current of hydrogen. 
It was also prepared by Pfordten(lO)by heating one of 
the higher sulfides in a n l a tinium crucible at a tern-
perature above the softening point of g lass. 
( 7 ) ( 8 ) ( 9 ) and ( 10 ) 
Mellor, J. w., Op.cit. 
Picon(ll)prepared four sulfides of titanium: Ti 3 S4 , 
Ti 4 S 5 ,Ti 3 S 6 and Ti 2 S 3 under non-aqueous conditions at 
high temperatures and studied their properties. 
(11) Barksadal e , J., Titanium,Its Occurence,Chemistry , 
and Technology. Published by the Ronald Press Co ., 
New York , pp . 88-90 
Ti 3 S4 was prepared by heating titanic oxide vrith 
graphite in an atmosphere of dry H2 S at 1 650° C. This 
in turn yielded Ti 4 S 5 on h eating i n va cuum beg i nning a t 
1300°C, and at 1400°C in an atmosphere o f dry h2S g ave 
Ti 2 S3 • By heating Ti 2 S3 at 800°C f or one houb i n d ry H2S 
~~i65 was formed. 
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(B) Literature Concerning Volatility of' Metal Sulfide 
Some qualitative statements regarding the volati-
lity of' the metallic sulfides are widely scattered in 
different sources and have been summarized by 1·1ellor ~ 12 ) 
(12) Mellor, J. w., Op.cit. 
The boiling points of' some metallic sulfides have 
been comp iled by Hodgman.(l3) 
(13) Hodgman, C. D., Handbook of Che~stry and Physics, 
Published by the Chemical Rubber Publishing Co., 
Cleveland, Ohio. (1949) pp. 395-549 
Kelly(l4 )has compiled the free energy of' vaporiza-
tion and vapor. pressure of inorganic substances as a 
function of temperature,using the reliable data u p to 
1935. 
(14) Kelly,K.K., Contribution to the Data on Theoretical 
Metallurgy,III The Free Energy of Vaporization and 
Vapor Pressure of Inorganic Substances. U.S. B. Ivi. 
Bull. 383. (1935) 
Dushman(l5)has compiled the vapor pressure and the 
rate of vaporization of' metals as a function of tem-
perature by using the reliable data up to 1949. 
D. R . Stull(l6 )of' Dow Chemical Co. compiled t h e 
6 
vapor p ressure data for . 300 inorganic substances in 1947 . 
Of the metallic sulfides only the vapor pressure o f PbB 
is listed in Stull's table. 
(15} Dushman, S., Scientific Foundation o f Vacuum Tech-
nique, Published by John i'liley and Sons, New York , 
(1949) PP • 780-792 
(16) Stull, D. R., Vapor Pressure of Pure Substances, 
Ind. and Eng . Chem.,Vol 39,(1947), pp . 540- 550 . 
Some Russian investigators have determined t h e v a -
por pressure of the sulfides of Zn,Cd, Pb,and Sb. 
Veseloveskii(l7 )determined tha t of Zn,Cd,Pb, and Sb 
in 1942. Pogorelyi(lS )redetermined t hat of Zn and Cd in 
1948. 
(17) Vesloveakii, B. K., Vap or Pressure of t he Sulfides 
of Sb,Cd,Pb,and Zn . Journ. of App lied Chern . Am. 
Chern. Abst.,Vol.37, (1943 ) pp . 3087 . 
(18 ) Pogorelyi, A. D., Journ. Phys . Chern. Vol. 22 , (1948) 
pp. 731-7 45. Am. Chern. Abst. Vol. 42 , ( 1948 ), p . 76061 . 
Hsiao(l9 )has studied the vola tility of many met al 
sulfides including those of Zn, Cd, Hg , £.1n , Sn, Pb, As , Sb, M:o, 
Fe,Co, Ni,Cu, Ag ,Au , Al ,and Na . He a lso p ointed out the 
periodic relationship of the metals in regard to t h e 
volatility of t heir sulfides . 
7 
(19 ) Hsiao, C. M., Op.cit. 
No literature concerning the volatility of titanium 
sulfides has been found. 
(C) Literature Concerning Vacuum Reduction of Metal Sul-
fides. 
Th e reduction of zinc sulfide has been studied by 
Gross ( 20 J; and by ciu-~21 Y 
(20) Gross, P . and Mrs. itfarring ton l•I., The Reduction of 
Zinc Sulfide by Iron under Reduced Pressures, Dis-
cussions of Faraday Society, No.4,(1948),pp. 2 1 5 - 217. 
(21) Liu, T. S., Reduction of Zinc Sulfide in Vacuum, 
Master Thesis, (1949), ~tissouri School of Mines and 
:rvletallurgy. 
Hsiao( 22 )has studied t h e reduction of zinc sulfide 
with calcium carbide,iron sulfide with silicon , moly bde-
num sulfide \vi th silicon and tin. 
(22) Hsiao, C. M., Op .cit. 
No literature con cerning t h e reduction o f titan ium 
sulfides h as been f ound. 
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III. PREPA::.~ATIOH OF TITAiUUivi DISULFIDE 
The titanium disulfide used in this work was prep ar-
ed by a modified Ebelmen's process which in principle 
consisted in passing a mixture of hydrog en sulfide gas 
and the vapor of titanium tetrachloride through a heated 
reaction chamber. The reaction takes place a ccording to 
the following equation: 
TiC1 4 + 2H2 S TiS2 + 4HC1 
I. Arrangement £f Apparatus 
The a pparatus set-up is sho~m in Figure 1. On the 
extreme right <. is~· sho"VTn a three'""mouthed bottle into which 
either helium or hydrogen sulfide g as could be introduced 
and from which the gas entered a ·drying tower filled with 
activated alumina. After being dried,the gas evolved into 
a distillation flask containing titanium tetrachloride. 
When the tube furnace reached the proper temperature and 
When the hydrogen sulfide gas was passing at the proper 
rate,the titanium tetrachloride was heated to distill it 
over. The mixed TiC1 4 vapor and H2 S gas then went to a 
quartz tube heated in an electric tube furnace. Chemical 
reaction. took place in this· tube and the unused gases to-
gether with the gaseous by-product HC l escaped to a blank 
trap, then to an indicating bubbl!;~ bi3ttle, and finally 
to absorbing- bottles which would remove the harmful hy-






Figure 1. Diagra~ unatic Sketch Showing Appara tus 




helium inlet E tube furnace .. and I absorbing ~ -
HeS inlet F blank tran bottle bottles for r-· 2 s 
drying tower G indicating bubbling J \ias te gas ex1 t 
distillation flask bottle 
9 
;LO 
II. Procedure ' 
1. Titanium tetrachloride was weighed and added to 
the distillation _flask. All rubber stoppers in the whole 
system were carefully sealed. 
2. Helium gaswaa.: flushed through the whole system 
for about tam minutes . in order to displace air. Any air 
left .in the system would tend to oxidize the titanium 
disulfide and therefore contaminate the product. 
3. The tube furnace was . started and the resistance 
of the rheostat .adjusi.ed so as· to reach the correct tem-
perature• 
4. 1~en the temperature of the furnace reached 620° 
C,the distillation of titanium tetrachloride was started 
and hydrogen sulfide gas \'las ··turned in at a rate of a-
bout 10 cubic feet per hour. Ch emical reaction took 
place and titanium disulfide was formed in the tube. 
5. At the end of the · reaction,wh en all titanium 
tetrachloride was: used up,the tube furnace was shut off 
and the hydrog en sulfide gas valve was closed. The 
quartz tube -was::: allowed to cool in the furnace. Ra p id 
cooling by tak ing the quartz tube out of the furnace 
would be undesirable because sudden shrink age in volume 
mi;ht dama g e the tube a t the vicinity: of 575°C when 
a l pha-quartz is changed to beta- quartz. 
6 . When cool,the quartz tube was removed from the 
11 
furnace. Examination showed it to be lined with a la-
yer of golden yellowish crystals of titanium disulfide. 
The deposited layer was removed from the wall of the 
tube,collected,weighed,and kept in bottles in a dessica-
tor. 
The data from a typical run is shown below: 
Toual time of run 
Total Ti014 distilled 
Rate of flow of H2 S 
Furnace temperature 
Total TiS2 collected 
150 minutes 
168 grams 
about 10 cu.ft./hr. 
630° ± 10°C 
32 g rams 
A thin layer of deposit adhering tightly to the 
wall of the quartz tube was rejected for fear that it 
was contaminated by quartz particles. 
III. Control of Furnace Temperature 
According to 0. F. Von der Pfordten, (23)th e rea c-
tion between hydrogen sulfide and titanium t e tra chloride 
varies with temperature. 
( 2 3) Mellor, J. W., Op .cit. Vol. VI I , pp . 9 0 - 9 1 
Ti01 4 + 2H2 S = TiS2 + 4 HC l ( a t h igh __ tE3inpe:ea:tures-~. 
Ti014 + H2 S = Ti012 + S + 2HCl( a t .low tempera tures) 
Some TiSCl may e ven be formed a t inter media te t ern-
peratures. 
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According to the experiments car ried out by the u~ 
S. Bureau of Mines,Rolla Division, (24 )the best tempera-
ture for this reaction is around 62p°C. 
(24)Metallurgical Branch Report, Rolla Division, U. s. 
Bureau o:f Mines, November 19 47, pp.69-71. 
The temperature adopted by the author in t h is viOrk 
was about 630° ± l0°C. The temperature of the electri~ 
cally heated tube :furnace was regulated by a rheostat . 
connected in series with the furnace. The rheostat had 
a variable range of 1. 5 to 7.5 ohms. At the' b.eginning 
a low resistance such as 2.5 ohms was:: usBd so as; to 
raise the temperature quickly to 550° C,the resistance 
was then increased so that the range around 575°C,which 
is the transition temperature of alpha- to beta- quartz, 
was passed very slowly. A final setting of 4 .3 ohms in 
the rheostat kept the temperature almost constant at 
630° ± l0° C for about three hours without abrupt change. 
IV. Drying of Hydrosen Sulfide 
Titanium disulfide is not decomp osed b y water a t 
ordinary temperatures,although when heated with water 
vapor,it readily decomposes into hydro~en sulfide, hy-
drogen,sulrur and titanic oxide. 
Titanium tetraehloride,however,readily hydrolyzes 
13 
and f'umes when in contact :,\ii th traces of' moisture. 
TiC14 + H2 0 = TiOCl + 2HC1 
For this reason,thebydrogen sulf'ide introduced must 
be kept f'ree f'rom moisture. This was done by passing the 
hydrogen sulf'ide through a drying tower bef'ore it entered 
the distillation f'lask. At f'irst anhydrous calcium chlo-
ride was :,used as a drying ag-ent but it was _ not ; .. ef'f'icient 
enough and later activated alumina was used with much 
b:ett.er results. Af'ter each run the alumina was reactivat-
ed by heating it above 105°0 overnight .• 
V. Disposal 2f 1tlaste -Hydrop;en Sulf'ide 
From the chemical equation 
TiC14 + 2H2 S = TiS2 + 4HC1 
44 . 8 1. 112g . 
we can see that f'or every 112 g rams of' TiS2 f'ormed,there 
is required 2 X 22.4 or 44.8 liters of' hydrog en sulf'ide 
gas. The a ctual amount of' TiS2 obtained i n an a verage 
run was about 32 g rams,which required (32 / 112) X 44.8 or 
12.8 liters of' hydrog en sul f'ide. Actual l y about 25 cubic 
f'eet was used wh ich is equivalent to about 708 liters; 
t herefore t here was a large excess lef't ·_ over. Hydrog en 
sulf'ide g as is very poisonous;it is dang erous to h uman 
lif'e according to Lehman ( 2 5 )in concentra tions as s mall 
( 25 ) Mellor, J. W., Op.cit. Vo l.X, p .l45 
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as 0.08%. It is there~ore very important to disp ose of 
the large amounL o~ unused hydrogen sulfide in a safe 
way. Sodium hydro~ide solution was tried as an absorbent 
and was ~ound to be e~fective. The absorbing action is 
nothing more thana neutralization between an acid and 
a base. 
2Na0H + H2 S = Na2 S + 2H2 0 
However,with a strong sodium hydroxide solution alone,the 
absorption_ vtas not quite complete as the residual g as on 
bubbling through a dilute acid solution of cupric sulfate 
s~l~~i~~ still g ave a black p recipitate o~ cupric sulfide. 
When however a p otass.ium p ermangnate solution was,·us:ed 
for ~urther absorp tion, the escaping gas was~ : almost free 
~rom hydrogen . sul~ide as the acid cupric sul~ate solution 
remained clear after hours o~ bubbling. The absorption o~ 
hydrogen sulfideby potassium permangnate is an oxida tion 
reduction. reaction. 
6~m04 + 14H2 S = -6MnS + 3K2 S + 14Ha0 + 5SOa 
VI. Extraction of Free ;;;.S;..;;u;;;;;l;.;f;..;ur~ -  the Product 
Since the temperature . in the tube furnace for p re-
paring titanium disulfide was 630°C,and hydrog en sulfide 
starts to decompose into hydrog en and sulfur at some 
400°C,it was . veroy probable that some free sulfur result-
ing from such decomposition! could b:e entrapped in the 
product. This would caus..e erroneous results in the analy-
15 
sis for sulfur content -and in the subsequent work of' mea-
suring vapor pressure. For this reason,the product obtain-
ed was further extracted with carbon disulfide to remove 
any entrapped free sulfur. The extracting apparatus was 
arranged in the following manner:(See Figure 2) 





Titanium disulfide was put, in a thimble inside the siphon 
cup which was then attached to the condenser in the cap 
of' the flask. Some c arbon d i sulfide was addea to the 
flask which was then heated on a sand bath VIi th ~tlater 
running through the condensing tubes. Carbon disulfide 
boils at about 44°C. The v apor when condensed would drop 
into the thimble and then be drawn through the siphon 
cup down to the bottom of the flask. Circulation con-
tinued in this way and the free sulfur in the samp le was 
16 
carried av1ay by dissolution in carbon disulfide. 
In order to determine quantitayively the amount of 
free sulfur that vras present, a measured volume of carbon 
disulfide was used with a weighed sample in the thimble. 
After several hours of extraction,the carbon disulfide 
solution was poured into an evaporating dish and evapora t-
ed to dryness. The residual sulfur was weighed. A blank 
test \"las made vii th the same volume of unused carbon disul-
fide to correct any free sulfur orig inally present in t h e 
carbon disulfide solvent. The p ercentage of free sulfur 
was determined as follows: 
Residue in 100 cc. CS2 solution VThich has 
been used for extraction for 9 hours 
Residue in 100 cc. unused CS2 solvent 
Free sulrur a ctually extracted 
Weight of sample = 5.8495 g . 
0.039 g . 
0.016 g . 
0.023 g . 
Percentage of free sulfur (0.023/5 .8495) X 100 
0.392 % 
VII. Chemical Analysis .£f the Product 
After extraction of free , .sulfU.r~; s.amples .vJer.e -::. take.n 
for cheniical analysis of the titanium and sulfur cont en ts· 
(A) Determi n a tion o f combined sulfur: 
This was done by the . ordinary gravimetric method. 
The sulfide sulfur was converted into sulfa te sulfur by 
fusion with sodium peroxide,and to the sulfate solution 
17 
barium chloride was added to precipitate barium sulfate, 
which was filtered,washed,ignited and weighed . The re-
sults o:f four analyses are g iven below: 
Sample \:'.feight of' sample "Height o:f BaS0 4 % s 
A 0.1895 gm . 0 .7817 e:;m . 56 . 64 
B 0.1933 gm. 0.7385 gm . 56 . 66 
c . 0.2028 gm. 0 . 3 361 gm . 5b . 65 
D 0 .1844 gm . 0 . 7621 gm . 5 6 . 68 
Average a! ;o s (56 . 64 + 56.66 + 5 6 . 65 + 5 6 . 68) /4 
56 .66 1a 
(B) Determination of titanium: 
Titanium was determined quantitatively by a new 
volumetric method devised by the National Lead Comp any 
in 19 49. This method consists of reducing tetravalent ti-
tanium by pure aluminum in ho t hydrochloric acid solution . 
The final titration with ferric ammonium sulfa te has to 
be carried out in a non-oxidizing atmosphere which c an be 
achieved by a special arrang ement so that some sodium 
carbonate solution \.Vill be automatically dravm over into 
the acid solution conta ining the trivalent titaniurn ions. 
The carbon dioxide g as produced Vfill protect the Ti +++ 
ions from being oxidized by oxygen of the air. This me-
thod does avlay -v;i th the Jones Reductor ordinari ly needed 
for reducing titanium in the volumetric analysis and has 
another advantage that the solution containing titanium 
18 
never leaves the same container and so \'Till not suffer , 
any loss through handling. The results of four analyses 
are given below: 
Sample Weight of sample Amount of Ti % Ti 
A 0.2940 gm. 0.1270 gm. 43.20 
B 0.2928 gm. 0.1267 gm. 43.28 
C 0.2956 gm. 0.1290 gm . 43.13 
D 0.2934 gm. 0.128 1 gm. 43.17 
Average % of Ti (43.20 + 43.28 +43.13 + 43.17)/4 
43.20 % 
From the results of chemical analysis g iven above, 
the titanium disulfide contained 43.20 % Ti and 5 6 .66 % 
S, making a total of 99.86 %. The ideal composition as 
calculated from chemical formula is 42.76 % Ti and 57.24 
% S. The titanium sulfide made by the u. S. Bureau of 
~lines,Rolla Division,analyzed consists of 43. 5 1 % Ti and 
56.70 % S. The author's product therefore a pproaches very 
closely that of' the u. S. Bureau of Mines in composition, 
as should be the case since the method of preparation vras 
a duplication of their method. The slight .deviation from 
the ideal result might be due to some very small amounts 
of intermediate sulfides or chloro-sulfide such as TiSCl, 
etc. 
VIII. X-ray Examination 
The titanium disulfide p repared \'las also examined by 
19 
x-ray diffraction. A sample obtained from the u.s.Bureau 
of }fines was also examined v.,ri th the same procedure and 
the results obtained were identical, confirming the fact .. 
that the products we-re very close to each other in com-
position. 
IV. BEHAVIOR OF TITAJ.'UU~-1 DISULFIDE 
IN :VACUUM -AT ~ELEVATED TEMPERATURES 
I. Equipment 
The general arrang ement of the apparatus used __ in 
these experiments can be seen from Figure 3~ Figure 4 
shows the · schematic drawing of the arrangement. The ,; 
chief parts are briefly described belovt. 
(1) Electric Resistance Furnace 
20 
The furnace used in these experiments was patterned 
on the one describ.ed by Dr. Kroll and Dr. Schlechten in 
their worlt: on carbon and metal oxides in a vacuum. '4.~ ) 
(2~)Kroll,W.J. and Schlechten,A. ltf., Reactions of Carbon 
and l;fetal Oxides in a Vacuum, Journ. Electrochem. 
Soc., Vol. 93, No.6, June, 1948, pp.247-258 
It consisted of a porcelain tube 40 inches long with an 
inner diameter of 2.5 inches. The tube was supported ver-
tically with the closed end on top;a metal head was fas-
tened by a \tax seal to the lovter _ end of the tube. This 
metal head was cooled with circulating water to keep the 
wax from , melting. Vacuum connections were made through 
the metal head which also had a conical ground joi~t that 
was vacuum tight •~ . a.nd could be opened for_ the introduction 
of samples into the · tub.e. As can b:e seen from Figure 4; 
only the top 12-inch section of the tub.e · wa.s heated. The 
21 
Figure 3 
General Arrangement of Apparatus 
:-~ne rnl An'ln gu men\. u. n•j :'o1 . .• ,,• t.i ol , ' 
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heating e:Le:tn:ent was made of' S_rni th No. 10 alloy resistance 
wire wound on an alundum core embedded in magnesia cement 
and surrounded by crushed insulating brick. 
Graphite tubing in sections was inserted into the 
p orcelain tube. The crucible containinG the ch arg e was 
p laced on a crucible seat between the t opmost and t h e 
next secti ons. The right hand drav-Ting i n Fi gure 5 s h oHs 
the device to h old the tube i n p lace i nside the f u rnace. 
( 2) Temp erature loJ:e a surement and Control 
The temperature was measured at the outside wall of 
the porcelain tube by means of a p latinum platinum-rho-
dium thermocouple atta ch ed to an indicating pyrometer 
controller. 
(3) Pressure Measurement 
A Pirani g aug e vfa s used in t h is work . It i s based on 
t h e physica l princip le t hat the t h ermal conductivity o f 
a g as is proportional to its pressure. Th e conductivity 
is indirectly measured by a scertainin g t he ch ange i n re-
s i stance o f a h ot fi lament in the vacuum with p r essure . 
As t he nressure around t h e f ila ment changes , so t he speed 
.( 
at wh ich h e a t is conducted away from t h e filamen t changes 
and t h is in turn changes t he f ila ment temp era ture and 
hence i t s r esist anc e . The resisLanc e change is rec ordedb y 
a Whe a tstone bridg e a rrang ement. The filament is mounted 
in a bulb f'itte d with a eonne cting tube and is balanced 
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1. Graphite Tube 
~ . Crucible ~eat(gra~hite) 
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with an identical compensating filament mounted in an· ad-
jacent arm of the bridge. The auxiliary bulb is evacuated 
and sealed off at a very low pressure. This serves to 
make the g auge insensitive to variations in room tempera• 
ture. The filament is heated at· . a constant: rate by keep-
ing the voltag·? · constant. If the bridge . is balanced at : 
this temperature of' the filamen:t,a change of' its tempera-
ture caused by a chang~ in, the heat conductivity of the 
residual gases will unbalance it. Then the deflection o~ 
the bridge galvanometer indicates the pressure of the 
residual gases• 
(4.) Oil Diffusion Pump 
The oil diffusion pump made by the Distillat~on Pro-
ducts Inc. consists of a boiler to evaporate the oil, a · 
chimney leads: the vapor . to the jet;the air particles are 
trapped by oil vapor and pulled toward the exhaust where 
the fore pump continues the exhaust process:· with the air 
that isfreed as the oil is cooled by cooling water and 
reliquif'ied. Since the oil has a low .latent heat of eva-
p oration,the boiler on the bnttom is heated constantly 
to maintai:n the working temperature. It is to be noted 
thatthe pump will operate only if the backing pressure 
obtained by the · f'ore: pump is below 0.10 mm. Hg and it is 
even better1below 0.05 mm.Hg. A water cooled baff.le · is 
used to prevent backWard evaporation of oil into the 
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pumping line which vrould cause oil loss· and contamina tion 
of the vacuumin the furnace. 
II • . Experimental Procedure 
The general operating procedure was as follows: 
1. Prepare and weigh the charge. 
2. Mount the crucible and charg e in the furnace. 
3. Close the :furnace and swi·tch on the mechanical 
pump. 
4. When the vacuum g auge. reads 0.1 mm. or lower , 
start the diffusion pump. 
5. When the diffusion pump lowers the pressure to 
25 microns, start the furnace. At the same time set the: 
pyrometer co.n.t.noller at the maximum temperature desired 
and set the powerstat at .afixed dial reading. 
6. \'Then::. the maximum temperature . is reached, s ·et the 
timer clock for a predetermined period of time during 
which the furnace - is to be held at the temp erature. 
7. Check vacuum g auge readings p eriodically to see 
if the vacuum is maintained properly. 
8. After the heating period, the furnace 1 s a llovled 
pv.mp 
to cool \'Ti th the p u mps still vlOrk ing. The diffusion" is 
stopped when the furnace temp erature drops to 100°C and 
the mechanical pump is stopped when the temperature 
drops . to rooml temperature·• 
- " 9. The exhaust valve is opened tb admit air into the 
furnace,the furnace cap is removed and the graphite 
tubes are taken out. 
2 '7 
10. The contents of the crucible and the condensate~ 
inside the graphite tubing,if any,are examined. Chemical 
analyses are made when necessary. 
III. Theory of Vapor Pressure Measurements 
There are several methods for determining the vapor_ 
pressure of a pure substance • . The most commonly adopted 
one is the Langmuir method by which the lossof weight 
of a certain substance at a certain temperature_-. for a 
certain length of timeis · measured and then_ the: vapor 
pressure at the . specified temperature can be calculated 
by the formula: 
P = 17 .14 G / T/M 
mm 
where P = vapor pressure in millimeters 
mm 
G = loss: of weight per unit area p er unit time 
(usually in gm./cm2 /sec.) 
T •= temperature in °K (i.e. °C + 273°) 
M = mole cula r weight 
In order to measure G,a weighed sampl e wa s t aken a nd 
heated in vacuum to a certain temp erature and held at 
that temperature ~:· :ror a certain length of time. The same 
experiment was repeated at the s a me temperature with d if-
ferent lengths of time, such as one hour, two hours, tbr.ea 
hours, etc. The di i ference in the results:, will be the loss~: 
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of weight in . the difference : of time ~ interval provided 
that the heating and cooling dovln are identical •. If the 
current supplied to the heating coil of the furnace is 
constant, the heating effect \<Till be the same. After each 
run,the furnace was cooled by raising the heating uni~ 
to a certain fixed level to give identical cooling ef~ . 
fects. Some very slight irregularities might result from 
a difference in room temperature. However,this effect 
was too small to be considered,and as a matter of fact, 
the author had noticed the rate of cooling in most of 
his experiments and found out that for every fixed tem-
perature, the rate of cooling vTas practically the same. 
The loss of vTeight found in the above manner must b.e 
divided by the area of the crucible · and by the time in-
terval to give the loss· per unit area per unit time,that 
is,G in the Langmuir's formula;. 
At this point it is important to consider the loss 
of weight in more detail. A metallic sulfide when heated 
in vacuum may undergo either or both of the following 
changes: (1) sublimation, (F) dissociation. If the actual 
change is a mere physical sublimation,the above mentioned 
formula i"lill give the vapor pressure correctly, because in 
this case G is solely due to loss- of sublimed va.por. If, 
however,chemical dissociation takes place with the forma-
tion of a volatile product, the loss of ,,;eight .will be a 
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combined effect of sublimation and dissociation, \vhich, 
if substituted for Gin Langmuir's formula,will give too 
high a result. This was the case with titanium disulfide _ 
at higher temperatures. The loss due to sublimation of 
the original sulfide was.~ much smaller than that due to 
dissociation. This Will be discussed more fully in the 
next section,. 
IV: Experimental Results ~ Discussion 
(A) Dissociation of Titanium Disulfide in Vacuum 
The loss of' weight , __ on heating titanium disulfide in 
vacuum at different temperatures is shown in Table I. 
Titanium disulfide is a golden yellowish colored 
compound which is very soft and which stains any object_ 
with this characteristic color upon contact. irfuen heated 
in. vacuum,it gradually changes into a grayish bla c k ma-
terial which upon chemical analysis shm.vs a different 
composition. from the original disulfide. This change be-
gins to take place at about 400°C which was · the lowest 
temperature the author used in the study of vapor pres~ 
sure. Some samples heated t;o 200°C and 300°C were found 
to be unchanged. However the change at 400°C to 500° 0 
was very slight as the samp les after having been heated 
f'or f'our hours a t these temperatures still r etained 
'~·: 
their characteristi c color and other properties . Chemi-
cal analyses showed sl ightly different percentages of 
-Tabla I. Experimental Data_ Showing Loss of Weight on 
Heating Tis 2 in Vacuum 
Temperature) Time; Weight of Waight of Loss of 
(oc) (Hours) Charga(g.) Residue.(e; .) Weight 
400 4 2.8171 2.,7883 0 . 0288 
400 3 2 . 8168 2 .7897 O.D2 71 
400 2 2.8174 2 .. 7921 0 . 0253 
500 4 2 . 8175 2 .. 7730 0 .0455 
500 3 2 . 8170 2 . 7767 0 .. 0403 
500 2 2. 8172 2.7808 0 .0364 
650 4: 2 .. 8160 2 . G615 0 .1545 
650 3 2. 8173 2 . 6677 0 . 14:03 
650 2 2 . 8171 2.6733 0 .1436 
800 4 2. 8175 2 .. 4334: 0 . 3841 
800 3 2 . 8170 2.4389 0 . 3781 
800 2 2 . 8168 2.4576 0 . 3592 
~1 50 3 2 . 8176 2 .1251 0 . 6925 
950 2 2 . 8171 2.3 898 0 . 4273 
1100 2 2 . 8174: 2.1217 0 . 6957 
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Rate of Loss 
(r; ./hr.) 
0 . 0017 
0 . 001 8 
0 .0042 
0 . 0039 
0.0049 
0 . 0060 
0 . 0060 
0 . 0189 
0 . 2652 
titanium and sul~ur,and the loss of weight in heating 
for different lengths of time also indicated some slight:· 
Chemical changes. For example,the data compiled in Table 
I showed the rate of sublimation to b:e, 0.0018 gm.per 
hour at 400°0, while a sample heated for four hours at·: 
this temperature : lost 0.0288 grams o:r ''~eight~ Since 
4 X 0.0018 = 0.0072 grams,the difference 0.0288 - 0.0072 
or 0.0216 grams is too large to be loss: due to sublima-
tion. in the heating up and cooling down periods. 
The chemical decomposition from 650°0 upward seemed 
to be very appreciable and at 800°0 the entire mass of 
the charge in the crucible was changed to that grayish 
black material. A sample heated to 850°0 for five hours 
showed upon chemical analysis 49.78 % Ti and 50.3 % S 
which is very close to the compositi.on · of the compound 
Ti 2 S3 (calculated composition: from formula: 49.9 % Ti 
and 50.1% S). Heated to higher temperatures,decomposi-
tion went further and a sample heated to 1100°0 for five 
hours showed upon chemical analysis 52.59 % Ti and 47.5 
% S which is very close to the composition of the com-
pound Ti 3 S4 (calculated composition from formula: 52.78 
% Ti and 47.53 % S). The products obtained at these dif-
ferent temperatures (850°0 and 1100°0) however did not 
di:f'fer so much in appearance and examination by x-ray 
di:f'fraction showed common lines in bothwith additional 
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strong lines of' TiS! in the 850°C product~ This seemed 
to indicate that the -product obtained at 850°C was not 
true Ti2Sa but a mixture of' Ti 3 S4 and TiS2 in equal 
molecular proportions. 
It can be seen from the data of' Table I that at 
lower temperatures such as 400°C and 500°C,the loss of' 
weight per unit time was almost constant, I'Thich means 
there was an almost constant rate of sublimation. Hovr-
ever at higher temperature·s, the results became more and 
more irregular. This can be explained by the fact that 
chemical dissociation predominated at higher tempera-
tures so that larg.er losses. were expected. Further ex-
amination at .each temperature showed that the rate be-
came smaller when heated for longer periods of time. 
Thusat 800°C,the loss in two hours was 0.3571 gram;in 
three hours,0.3791 gram;and in f our hours,0 . 3841 g r am, 
the success± ve differences of' which gave different _ ra tea.· 
of loss as ·0.0210 gm./hr. and 0.0060 gm.jhr. This might-
be explained by the fact ·- t hat disoociation became more 
and more complete with increasing leng th of time . so tha t 
there was less· and . less: weight lost by chemical dissocia-
tion . If heated long enough to allow for complete disso-
ciation,the result then would be due to sublimation of 
dissociation product. This exp lanation is confirmed by 
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the form of' a series of' curves shovrn in Figure 6 and 
Figrue 7. Figure 6 s h ows the increase in percentage of' 
Ti when samples were heated at : dif':ferent~- temp era ture s 
and held at each temperature for two hours. Figure 7 
s h ows the incr.ease in_ percentage of' Ti with increase of' 
time when heated at certain temp eratures. These results 
seemed to indicate that Ti 3 S 4 \'lith 52.78 % Ti would be 
the lj.mi ting product of' heating titanium disulfide in 
vacuum at or below ll00°C. 
( B ) Computation of' Vapor Pressure of' TiS2 a nd Ti 3 S 4 
fro m Experimental Data: 
The loss of' weight on heating TiS2 i n v a cuum at 
elevated temperatures has been shmTn in Table I:. Since 
sublimation .becomes a minor item at h i gh tempera tures a s 
compared with chemical dissociation,the d a ta obta ined a t 
temperatures above 650° C cannot b e used i n t h e computa~ 
tion of' vap or pressure. Those obtained at lower temper a -
tures however shovT a fairly con stant r a te o f' sublimation 
a t each temperature and are used for comput ation as 
s h oHn belovt: 
From Table I, the average rate ·_ a f. .sublimation o:f TiSs 
af 4oo•c • .., is 0. 0018 g m. jhr. The cru cible u sed has a d 1 ame t er o~ 
2. 2 225 e m. h ence a cross sectional area of' 3 . 879 c m2 • 
Therefore - t h e v a lue of Gin Langmuir's formula is 
G = 0. 0018 gm./3600 sec./3.879 cm2 
= 0.1289 X lo-6 gm./sec . /cm2 
Now P 
mm 17.14 G I T/M' 
Where I...X = molecular weight . of TiS2 = 112.02 
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T = absolute temperature 273 + 400 = 673°K 
Therefore Pmm 17.14 X 0.1289 X lo-6 X I . 673/112 . 0~ 
4 -6 5. 15 X 10 mm. Hg. 
Similarly we can calculate vapor pressure for oth er 
temperatures and the results are tabulated in Table II. 
By plotting log10 Pmm verBus 1/T X l0 3 ,the graph 
obtained is a straight ~ line as shown in Figure 8 . 
Since TiS2 decomposes at higher temperatures into 
Ti 3 S 4 ,the vapor pressure of the latter was also studied. 
The experimental data and computed results are shown in 
Table III and Table IV. The graph of log10 Pmm versus 
1/T X 103 is also a straight line and is shown in Figure 
8 . 
From the experimental results discussed above,we can 
conclude that both TiS2 and Ti 3 S4 h ave very lovr v apor 
p ressure and are therefore relatively non-volatile as 
p redicted by Hsiao. ( 2'7 ) 
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Table II. Vapor Pressure Data of TiS 2 
G T 
-6 (°K) (10 g;m.) 




0 . 1269 . 673 112.02 . - 5.415 -5 . 2664 
0 . 2936 673 112 . 02 13.25 -4 . 8778 
0 .. 3930 673 11 2. 02 23. 95 - 4. 620 7 
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Table III. Sublimation Loss of Ti3s4 i n Vacuum 
' ' 
I 
Temperature ,Ti me Wei ght of Weight of Loss' of Ra ~: of Loss 
-( oc) (hours) Char ge.(g.) Residue(g .) Weight (g . ) g. / hr . 
900 3 2 •. 9953 2. 9797 0. 0165 
900 2 2. 9955 2. 9830 0. 0125 b •. 0031 
900 1 2. 9956 2. 9864 0 . 0092 0 .0033 
1000 3. 5 2. 9954 2. 9724 0 •. 0230 
1000 2.5 2. 9952 2. 9766 0 . 0186 0 .0044 
1000 1. 5 2. 99 53 2. 9813 0 . 0140 0 . 0046 
1100 2. 5 2. 9957 2. 9625 0.0332 
llOO 1. 5 2. !)956 2. 9087 0 . 0269 0 . 0063 
Rata of 
Sublimation 
(g./hf'· ) > ' 
0 . 0032 
0 . 0045 
0 . 0063 
Crucib le 
Dia...":later 




Table IV• Vapor Pressure Data of Ti 3s4 
0 . 2376 1173 
0 . 3341 1273 
0 . 4677 13 73 
2 71. 94 
271 . 94 
271 . 94 
prrun 
(10 - Gmn) 
8. 456 




- 5. 0728 
-4. 9070 
-4 . 7601 
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V. VAGUUM REDUCTION OF TITANIUM SULFIDES 
I. Theoretical Considerations 
(A) Reducibility of' Metallic Sulfides 
40 
The reduction of' a metal from its sulfides by another 
metal may be represented as a reversible reaction: 
I'1S + R ¢ M + RS 
TW.here MS stands for the metal sulfide in question, R repre-
sents some reducing agent,and RS the sulfide of' the reduc-
ing agent formed. 
Now the possibility of' this reaction depends upon 
Whether the reaction can be made to proceed more or less 
completely from left to right. If' the reverse reaction 
predominates,no appreciable extractio~of' the metal is 
possible. The possibilities can be predicted from the free 
energy of' formation of' the sulfides involved. Ellingham( 2S ) 
has collected the free energy data for sulfides and the 
variation with temperature;they are p resented in graphical 
form Which permits direct reading of the relative r educi-
bility of t hese sulfides. From t h e graph whi ch is repro-
uced in Figure 9,it can be seen at a g lance which reduction 
(28 ) Ellingham, H. J . T., Reducibility of Oxides and Sul-
fides in Metallurgical Processes . Journ. Soc. Chern . 
Ind. (London), May 1944, p .l29 
reactions are p ossi ble on a free energy basis at a s p eci-
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f'ic temperature and pressure. Unfortunately data f or sul;-' 
fides of titanium and some other metals such as tin , s i li~ 
con,and aluminum which were tried as reducing agen t s i n 
t h is research are not available. However,the h eat of for-
mation of many metallic sulfides at room temperature, 
thoug h not exactly the true measure of the stability of 
these sulfides,can be used as a rough estimation of t h e 
relative affinity of these -metals with sulfur. The h e at of 
formation of many sulfides are listed in Table V for con -
venience of comparison. The figures are referred to 32 .06 
g rams of sulfur and all constants are referred to t he so~ 
lid state. Here a 3 ain,data for titanium sulfides are not 
available except that for Ti 2 S. This compound however is 
not of interest in the present research. 
0 
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Heat of' Formation of Metallic Sulfides 
Sulfide Smithells Hodgman Bichowsky 
Li 2 S 115.4 
Na2S 88.5 89.85 89 . 8 
K2S 95 88.17 121.5 
Rb2S 87 87.69 88 
CsaS 87.46 87 
BeS se.1 
MgS 84.2 82.2 82 .2 
CaS 114.3 - 113.5 113.4 
SrS 113 113.02 113.1 
BaS 111 111.1 111.2 
Al2S3 140.5 126.4 140 . 5 
ZnS 45.0 45.88 44.3 
IvinS 44.4 47.31 47 .o 
SiSs 16.01 30 . 9 
SnS 18.2 22 . 7 
Ti 8 S 22.0 
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(B) Effect of Vacuum on Reducibility 
From thermodynamic considerations, a chemical re-
action is favorea : by maintaining a reduced pressure 
over the system if gaseous products .are formed from 
solid or liquid reactants. The effect ·: of pressure on. 
free. energy · of formation at constant ~ .  temperature can 
be . express:ed as follo\-rs if the g as has ideal behavior: 
~F = F2 - F1 = RT ln (P2/P1 ) 
Referring to the standard free., energy change ~po in 
Which pressure is equal to one atmosphere 
.6F = RT ln P 
This pressure correction is of great significance in 
vacuum reduction because of a great difference of P 
from atmospheric value. The -AF0 vs. T curves for me-
tallic sulfides are bunched together with small dif-
ference in reducibilities,this correction may even re~ 
verse the direction of reaction in some cases. 
In addition ,to this,there are other advantag es of 
operating the reducti.on under vacuum. They are: 
(1) The continuous removal of the g aseous products 
from the system will cause the reduction to proceed to 
completion and no reversible reaction can take p lace. 
(2) Both the reactants and the products are pro-
tected from the action of atmospheric oxyg en or nitro-
gen so that no interferring chemical reaction takes 
place When the reduction is carried out in a vacuum. 
(C) Choice of' Reducing Ag·ents 
The choice of' reducing agents is governed by the 
following factors: 
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1. The reducing agent must be a relatively non• 
volatile metal,otherwise it will be evaporated away and 
reductionwould be - retarded. 
2. It must have a highenough affinity toward sul-
fur to replace -: titanium .from · its sulfide. That is to 
say,the free energy of formation of its sulfide must be 
greater than that of' titanium sulfide. 
3~ It is desirable that the reducing agent will 
form a ''lVOlatile sulfide so as to be separable from the 
reduced titanium metal. Besides,a volatile product is 
favorable to force the reaction to completion. 
4. The reducing agent must not form intermetallic 
compound with titanium to contaminate the product. 
Regarding the first factor,ref'erences may be made 
to the work of' Dr. Kroll( 29 )and Dushman~30) 
(29) Kroll, W. J., Melting and Evaporating Metals in a 
Vacuum. Trans. Electrochem. Soc., Vol.87,(194S), 
pp.571-587. 
(30) Dushman, S., Scientific Foundation of Vacuum Tech-
nique. John Wiley and Sons, (1949) 
The uncertainty in the choice of reducing agents 
lies chiefly in the second factor because neither the 
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free energy of formation nor the heat of formation of 
titanium disulfide is known. Therefore we are unable to 
predict \'lhich reducing agent will be -most effective .. 
As regards the volatility of sulfides, Hsiao(3l) 
has pointed out that elements of B families of Group II, 
III, IV, and V of the -periodic system form volatile 
sulfides. The volatility of Al2 S3 , is appreciable at 
high temperatures. 
(31) Hsiao, c. M., Op.cit. 
Titanium forms alloys with man$ elements. 
Hansen ( 32 ) gives information:_ on. the following alloys 
containing varying percentages of Ti: 
Al,Au,B,C,Co,Cu,Fe,H,Hg,N,Ni,P,Pt,Se,Si,S,Te,Zr. 
(32) Hansen, M., Aufba~ der Zweistofflegierungen, Julius 
Springer, Berlin, 1936 
(33) 
Haughton(~3)gives references on Zn-Ti system. 
Haughton, J. L., Constitution of Alloys Biblio-
graphy, Institute of Metals Monograph and Report 
Series, No.2, London, 1942 
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Dr. Eppelsheimer( 34 )has . prepared the intermetallic 
compound Ti-Sn and Reynolds(35)has studied the Ti-Sn 
system. 
(34) Eppelsheimer, D. S., Personal eommunication .. 
(35) Reynolds Jr., J. E., A Preliminary Investigation 
of' the Titanium-Tin Equilibrium System. :r.tiaster 
Thesis, Missouri School of Hines and Metallurgy, 
Rolla, Missouri, 1948. 
Because of' the alloying nature of titanium,it is 
dif.'f.'icul t to choose a reducing agent :that \'lill not 
alloy with titanium. 
It seems impossible to choose a reducing agent 
which will fulfill all of the factors referred to pre-
viously. The more favorable ones appear to be tin and 
silicon which are non-volatile but which f.'orm fairly 
stable yet ,volatile sulfides. Aluminum has a favorable 
affinity toward sulfur. Based on this resoning, tin, 
silicon, and aluminum were .· tried as reducing agents in 
the experiments discussed in the following section. 
II. Experimental Results ~ Discussions 
(A) Reduction "Vli th Tin 
Tin forms a stable and yet volatile sulfide SnS. 
The volatility is very appreciable above 1000°C. Since 
titanium disulfide decomposes at such temperatures 
48 
into Ti3S4,the latter was .chosen for reduction exp eri;.. 
menta Wl·t ... 'n tin as the d · re uclng a g ent .. The tin us:ed in 
these experiments was pure povldered metal. Three r u ns 
were made at 1200°C using 1, 1.5, and 2 times t h e 
weight .of tin based on the following hypothetical e qu a -
tion: 
T1 3S 4 + 4S = ~T1 + 4SnS 
The charge was held at 1200°C for six hours in each 
run to assure the complete expulsion of SnS as vap or 
from the system. The products were subjected to ch emi-
cal analysis for the Ti and S contents_ and the percen -
tag e of tin was obtained by difference. The results 
are shO\vn in Table VI. 
It can be seen from the data of Table VI that 
excessive tin did not carry the reduction any further. 
Any excess tin left unused was collected i n t h e bottbm 
of the crucible because _ of its lo\'r melting point and 
high density. 
If the relation between Ti a nd S i n t h e residue i s 
calculated in the following manner: 
\'Teif)lt of Ti in t h e r esidue 
Weight of Ti & S in the residue 
= % Ti in t h e resi -
dual su lfide 
It v-rill be seen that Ti constituted 59.32, 59 .6, and 
59 . ·75 % in the three exp eriments, coming closer and clo-
ser to the composition 59.9 % Ti calculated for the com-
l!:xper . No . 
R Sn 1 
R Sn 2 
R Sn 
R Sn 3 
Taole VI . material Balanc~ Sheet f or the Reduction of 
Ti 3s4 ·wi th Tin at 120 0°C. 
Uaterial 1 ':L otal wt . % Ti Vlt. T i 7S! s; Wt. s 
([;rams) (r;r ams.) (grans ) 
Charge 7 . <'1:40 1 9. 23 1. 429 17 . 36 1 . 290 
Re,sidue 5. 869 24. 81 1.399 16. 37 0 . 960 
Sub1irrn te· l . 571 0 . 030 0 . 330 
Charge 9 . 971 14 . G1 1 . 454 13.20 1 . 319 
Residue 8, 357 1 7. 02 1 . 422 11 . 77 0 . 984 
Sublimate l . 614 0 . 032 0 . 335 
Chart:,e 12 . 31 5 11.77 1. 450 10 . 61 1 . 008 
Residue 10 . 674 13 . 46 1 . 41 6 . 9. 03 0 . 964 
Suol ba te l . 641 0 . 034 0 . 344 
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cf S 7o 11 Wt . Sn 
(grar:ts ) 
63 . 41 4 . 721 
58 . 82 3 . 510 
1 . 211 
72 . 19 7. 198 
71 . 21 5. 951 
1. 24 7 
77. o2 9. 557 
n . 21 8. 294 
l . 263 
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pound TiS. Since the color of the product was reddish 
brown which is characteristic of TiS,it would seem to 
indicate that TiS was the final product in these re-
ductions. 
(B) Reduction \v1th Silicon 
Since silicon forms a more volatile sulfide SiS2 , 
which according to Bichowsky(36 )has a higher heat of 
formation than SnS, the next reduction experiments v.rere 
(36) Bichowsky, F. R.~and Rossini, F. D., The Thermo-
chemistry of the Chemical Substances, Published 
by Reinhold Publishing Corp., New York, 1936. 
tried using pure silicon pm1der as redu·cing agent. 
These experiments were carried out at a somewhat lower 
temperature, 1000°C and each charge was held at this 
temperature for five hours . Two runs \'lere made \'Ti th the 
amount of silicon one and two times the weight calculat-
ed from the following hypothetical equation: 
Ti 3 S 4 + 2S = 3Ti + 2SiS2 
The results are tabulated in Table VII. 
Again, as in the case of reduction \vi th tin, the 
excess silicon used has no marked effect in carrying 
Ti 
the reduction any further. The ratio Ti + S in the 
residue gave 59 . 41 and 59.8 % Ti approximating the T1 
content in Ti8 which is · 59 .9 J~ . The product showed 
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I 
Table VII . !:aterial ·Cialance Sheet for t he Reduction of 
Ti 3S4 with Silicon at 1000° C. 
Exp~r. No. I-:aterial Total Wt . % Ti Vit . rp ' -- ~ . ;; s \1{t. s ';~ Si Wt . Si (g;rams ) (gra.l'lS) (g r ams ) (grams) 
R Si 1 Char ge. 3 . 271 43 . 61 1. 425 39 . 28 1. 285 17.11 0 . 561 
!tesidue 2 . 780 50 . 40 1.401 36.12 0 . 958 1 3 . 48 0 . 421 
Sublirna. te 0 . 491 0 . 0 24 0 . 327 0 . 140 
J. Si 2 Charge 3 . 863 37. 0 7 1.430 33 . 68 1.299 29 . 25 1 . 134 
Residue 3 . 335 42. 0 6 1.40 5 28. 52 l) . 948 29. 42 0 . 981 
Su;Jlimate 0 . 528 0 . 025 0 . 351 0 . 153 
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ho"V.rev.er a darker color than that obtained in the reduc-
tion with tin which is perhaps due,_ to the excess sili 
con not separable from the sulfide. 
(G) Reduction with Aluminum 
Aluminum sulfide Al2 S3 has a high heat of forma-
tion and is somewhat volati-le above 1200°0. It v.ras tri-
ed as a reducing agent despite the fact that aluminum 
alloys easily with titanium. Two experiments were run 
using grade A aluminum powder.. Charges were prepared 
using one and two times the weight of aluminum as cal-
culated from the hypothetical equation: 
3Ti3 S 4 + 8 Al = 9Ti + 4Al2 S3 
The charges were heated t0 1200°0, which was almost', 
the limiting temperature:· of the :furnace used, and held 
at that temperature -: for five hours in each case. 
The products obtained '\vere mixtures of bright me-
t~llic particles with some brownish and some black 
portions;the material smelled strongly of hydrog en sul-
fide indicating the hydrolysis of Al2 S3 • On treating 
the mixture with very dilute HCl (1 to 20), hydrog en 
sulfide was rapidly evolved. When no more hydrog en sul-
fide could be detedted by its smell,the solution was 
warmed u p slightly and more acid was added g iving a 
vigorous evolution of hydrogen gas. Finally the solu~~ 
tion was decanted- and filtered and the residue,after 
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several washings with dilute acid and distilled water, 
was dried and analyzed. The residue showed a reddish 
brmvn color and had a composition of 59.92 % Ti and 
40.14 % S,corresponding to the sulfide,TiS. 
(D) Reduction w1:th Calcium 
Since tin,silicon,and aluminum all failed tore-
duce titanium to the elementary state from its sulfide, 
a final attempt _was made to reduce the sulfide with 
calcium. 
So far as reduction in vacuum is concerned,calcium 
has its advantages and disadvantages. From the free 
energy diagram as reproduced in Figure 9,it can be seen 
that calcium sulfide has a very favorablefree- energy 
of formation indicating that calcium is one of the most 
powerful reducing agents : for sulfides. However,the re-
sulting CaS is non-volatile and so it cannot be sep a-
rated from the rest of the products in vacuum unless 
the reduced metal is a volatile one,which is not true 
for titanium. Besides,calcium itself has a h i gh vapor 
pressure and will be vaporized in vacuum if heated to 
high enough temperatures. Notwithstanding all of these 
objections,the auth or a dop ted t h is element for a trial 
at lower temp eratures to see how it beh aved with the 
idea that sep aration of the p roducts - might be effected 
by subsequent i,chemical treatments. 
Several experiments were tried. Those conducted at". 
lo,'ler temperatures such as :200°C, 300°C, and 400°C showed 
that there was:·· no reaction at all, while those above 
570°C showed that the reaction wasso violent i tha.t the 
contents of the crucible were all blown out and much 
calcium was vaporized and condensed on the walls · of the· 
graphite tubes. The products , blown .out of the crucible 
were collected and examined. They were greenish black 
in color with some metallic calcium embedded. These 
were first treated with water to react with the unused 
calcium. 
Ca + 2H2 0 = Ca(OH)2 + He 
Next dilute hydrochloric acid (1 to 15) was: addeQ to 
dissolve the CaS and slightly soluble Ca(OH)2. 
CaS + 2HC1 = CaCl2 + H2S 
Ca(OH) 2 + 2 HCl = CaC12 + 2Ha0 
The residue was then filtered out and washed with di-
lute acid and distilled water and finally with ethyl 
alcohol. The dried sample upon chemical analysis showed 
its composition to be 49.93 % Ti and 50 .02 % S, .:·: .. --· 
1 to the sulfide Ti 2 S3 (calcu-approaching very close Y 
lated composition 49.9 % Ti and 50.1 % S). 
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VI • . SU~~~y AND CONCLUSIONS 
Titanium disulfide was prepared by the reaction 
of titanium tetrachloride vapor and hydrogen sulfide 
gas in a heated. quartz tube. The resulting titanium 
disulfide was -_ in the form of yellowish crystals resemei--
ling mosaic gold. 
vfhen titanium disulfide was heated in a vacuum,it 
was dissociated into free. sul:f'ur and a lowerc sulfide. 
The dissociation was inappreciable below 400°C but <be-
came significant when the temperature-.. was:: raised higher. 
At 650°C,decompos1tion was: very marked and at ~llQ0°C 
the whole mass~- was changed to an entirely different _ 
material colored grayish black Which uponchemical ana-
lysis showed its composition to be Ti 3 S4. 
Both TiS2 and Ti 3 S4 have relatively low vapor pres-
sure and are therefore considered non-volatile sulfides. 
Titanium has a very high aff~nity toward sulfur. 
Tin,silicon,and aluminum,when heated With Ti&S4 at 
above 1000°C,reduceEit to TiS, a reddish brovmish com!"-
pound,with the formation of SnS, SiSs, and Al2Ss res-
pectively. Calcium reduces TiS2 at 550°C to 600°C to 
TisSsra greenish black compound,with the simultaneous 
formation of CaS. Elementary titanium 
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